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Abstract
Hummingbirds (Trochilidae) are sensitive to environmental changes because of their extraordinary ecology, metabolism, 
and the highest red blood cell counts found in any vertebrate. These physiological attributes may render hummingbirds par-
ticularly susceptible to the effects of haemosporidian (blood parasite) infections. Much of the research on haemosporidians 
in hummingbirds has been conducted in South America; less is known about haemosporidian diversity and prevalence in 
North America. We sought to determine the prevalence and diversity of haemosporidians in a high-elevation species, the 
Broad-tailed Hummingbird (Selasphorus platycercus). Blood samples (N = 314) from 25 sites in Colorado and Wyoming were 
screened for haemosporidians using microscopy (n = 311) and PCR (n = 301). Both microscopy and sequencing diagnostic 
techniques detected haemosporidians in the same 5 hummingbirds, with an overall prevalence of 1.59%. Positive samples 
were sequenced at the cytochrome b gene and identified Haemoproteus archilochus and two Haemoproteus sp. not previously 
detected in North America. No parasites of the genera Plasmodium or Leucocytozoon were detected. Our study provides 
the first report of the prevalence and diversity of haemosporidians in Broad-tailed Hummingbirds in the Rocky Mountains.
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Introduction

Hummingbirds (family Trochilidae) perform critical eco-
system services across their ranges in the Americas, such 
as pollination, and have the highest metabolism and red 

blood cell levels found in any vertebrate (Semmens et al. 
2011; Moens et al. 2016). Because of their unique physiol-
ogy, hummingbirds are particularly sensitive to the effects 
of environmental stressors, such as climate change, making 
them an important indicator of ecosystem health (Godoy 
et al. 2014). Several genera of haemosporidian blood para-
sites including Leucocytozoon, Haemoproteus, and Plas-
modium are known to infect hummingbirds (e.g. Godoy 
et al. 2014; Bradshaw et al. 2017). High prevalence and 
diversity of haemosporidians has been reported in South 
American hummingbirds (Harrigan et al. 2014; Abad et al. 
2021). Nevertheless, research concerning haemosporidians 
is extremely limited in North American hummingbirds, with 
only a few studies documenting the prevalence and diver-
sity of haemosporidians and specifically in Californian hum-
mingbirds (Godoy et al. 2014; Bradshaw et al. 2017; Galvin 
et al. 2021).

Broad-tailed Hummingbirds (Selasphorus platycercus) 
migrate annually in spring from Mexico to their summer 
breeding grounds in the western United States where they 
are the primary pollinators of many Rocky Mountain flow-
ering plants (Calder et al. 1983; McKinney et al. 2012). 
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Broad-tailed Hummingbirds exhibit high site fidelity and are 
therefore sensitive to environmental change such as changes 
in the phenology of flowering plants and potential mismatch 
between timing of migration and plant flowering dates (Cal-
der et al. 1983; McKinney et al. 2012).

Our main objectives were to determine the prevalence 
of haemosporidians in Rocky Mountain Broad-tailed Hum-
mingbirds, at their high-elevation summer breeding range 
in the Rocky Mountains, and to catalogue the diversity of 
detected haemosporidians. We additionally determined the 
phylogenetic relationship of detected haemosporidians to 
known hummingbird haemosporidians.

Materials and methods

Blood samples were collected from live hummingbirds in 
the field for this study and other research following proce-
dures described in Godwin et al. (2020), during the summer 
breeding season from May–August 2015 to 2018 at 22 sites 
in Wyoming and Colorado (Fig. 1, Esri 2021). Approxi-
mately ~ 5–20 µl, (< 1% body weight) of blood was collected 
by clipping < 0.5 mm of a distal end of a toenail. Blood for 
microscopy was thin-smeared onto glass slides (Fisher Sci-
entific ®, Pittsburgh, PA), and blood for DNA extraction 
was collected on Whatman FTA® preservation paper (GE 
Healthcare UK Limited, Buckinghamshire, UK), Nobuto 
sampling strips (Advantec®, Toyo Roshi, Ltd., Japan), or 
into EDTA capillary tubes that were then placed in 1.5 mL 
centrifuge tubes filled with 100% ethanol for storage. Federal 
Bird Banding Laboratory Permit #23,765, state (Wyoming 
Chapter 33 Permit #966 and Colorado Permits #17TRb2082 
and #18TRb2082), and University of Wyoming Animal Care 
and Use Protocol Permit #20150716HE00183 were secured 
and animal care and use protocols were followed during ani-
mal handling and sample collection.

Blood smears on slides were fixed via step one alcohol 
dip Fisherbrand® Hema 3 Stat Pack (Fisher Scientific®, 
Pittsburgh, PA, USA) directly after collection on site for 
storage. In the laboratory, slides were stained according to 
the Wright-Giemsa staining protocol using the remainder 
of steps in the Fisherbrand® Hema 3 Stat Pack. The slides 
were mounted using mounting medium (Thermo Scien-
tific® Cytoseal 60, Thermo Scientific® Kalamazoo, MI, 
USA) and glass cover slips (Fisher Scientific®, Pittsburgh, 
PA, USA). Mounted blood smears were examined com-
pletely using a light microscope and screened for haemos-
poridians stages at low magnification (× 400), and diag-
nostic interpretation was performed at high magnification 
(× 1000, oil immersion lens). Parasite identification was 
performed based on previous morphological descriptions 
of avian haemosporidians (Valkiūnas 2005; Matta et al. 
2014; Valkiūnas and Iezhova 2018).

Blood samples stored on paper or in capillary tubes 
were extracted with Qiagen DNeasy® Blood and Tissue 
Extraction kits (Qiagen, Inc., Valencia, CA, USA) using 
modified protocols for tissues and blood. Blood stored 
on Whatman cards or Nobuto strips were hole-punched 
out, while the capillary blood tubes were ethanol-evapo-
rated; all three sample types were placed into extraction 
tubes for digestion. To identify the presence of the gen-
era Haemoproteus, Plasmodium, and Leucocytozoon we 
used two nested-PCRs to amplify the cytochrome b gene 
of mitochondrial DNA following the methods of Hellgren 
et al. (2004). To detect Haemoproteus and Plasmodium 
sp. the first PCR contained the primer pair HaemNF and 
HaemNR2 and the second PCR contained HaemF and 
HaemR2 (Hellgren et al. 2004). To detect Leucocytozoon 
another nested PCR was used with the first PCR contain-
ing the primer pair HaemNFI and HaemNR3 and the sec-
ond PCR: HaemFL and HaemR2L (Hellgren et al. 2004). 
Samples were submitted for bidirectional sequencing to 
Functional Biosciences Inc. (Madison, WI). Samples were 
replicated and sequenced 3 times to confirm their identify 
(Hellgren et al. 2004). Sequences were edited and aligned 
using the program Geneious Prime® 2021.1.1 (http:// www. 
genei ous. com. geneious.com). We used the Basic Local 
Alignment Search Tool algorithm (http:// www. ncbi. nlm. 
nih. gov/ BLAST/) and MalAvi Database to determine the 
closest match to our sequences, requiring a 100% base pair 
match (identity) across the 478 bp region (Altschul et al. 
1990; Bensch et al. 2009). We constructed a phylogenetic 
tree using the cytochrome b (cyt b) sequences (478 bp) of 
Haemoproteus from our study and 17 other Haemopro-
teus sequences downloaded from GenBank (all MalAvi 
lineage codes and GenBank accession numbers are avail-
able in SI 1). We specifically chose four Haemoproteus 
lineages from hummingbird hosts: H. archilochus (MalAvi 
HUMHA4, GenBank #KY560447), H. witti (MalAvi AM1, 
GenBank #KU364540), H. sp. (MalAvi 11PMALO, Gen-
Bank #KJ661248), and H. sp. (MalAvi LAMAME01, 
GenBank #MZ683462). The phylogeny was constructed 
using Bayesian analysis with MRBAYES v. 3.2 (Ronquist 
and Huelsenbeck 2003) using the general time-reversible 
model (GTR + I + T), tree selection followed Bradshaw 
et al. (2017), and with Leucocytozoon quynzae (from a 
hummingbird host) as the outgroup (MalAvi HELIAM01, 
GenBank #KF309188).

Results and discussion

We observed no abnormalities or signs of illness in any of 
the 314 Broad-tailed Hummingbirds examined. No hum-
mingbirds were recaptured across years. Microscopy and 
PCR detected the same five Haemoproteus positive samples. 
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No Plasmodium spp. or Leucocytozoon spp. were detected 
using either method. All positive Haemoproteus positive 
hummingbirds were adults (at least one year old); two were 
male and three were female. Three positive hummingbirds 
were captured during June-July of 2016 and two during June 
2018 and positive birds were each found at different sites (see 
Fig. 1, Esri 2021), four in Wyoming and one in Colorado. 
Haemoproteus prevalence was 1.61% by microscopy alone 
(n = 311), 1.66% by molecular methods alone (n = 301), and 
1.59% for both methods overall (n = 314). In our study, the 
use of two methods provided solid evidence that haemospo-
ridian prevalence is low in this Rocky Mountain population 

of Broad-tailed Hummingbirds. PCR is more sensitive than 
slide examination and may detect haemosporidians that 
undergo abortive development rather than successfully infect-
ing the would-be host (Valkiūnas et al. 2014, 2016). Multiple 
gametocyte stages of Haemoproteus spp. were detected in 
erythrocytes using microscopy, suggesting that the positive 
samples we detected using PCR were truly infecting the hum-
mingbirds hosts and were not due to abortive development 
(see SI 2.; Valkiūnas et al. 2014). Our results emphasize the 
importance and suitability of using blood smears alongside 
PCR results to confirm the presence and infection status of 
haemosporidians (Valkiūnas et al. 2014).

Fig. 1  Map of hummingbird sampling locations in Wyoming (n = 13) 
and Colorado (n = 9). Sampling locations where haemosporidian pos-
itive Broad-tailed Hummingbirds were detected are indicated in blue 

and locations where no haemosporidians were detected are in yellow. 
The map was created using ArcGIS Pro (version 2.8.0)
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Our finding of low prevalence is similar to that reported 
for Anna’s Hummingbirds (Calypte anna) in California: PCR 
prevalence of 1.27%; however, a microscopy prevalence of 
4.76%, but lower than Black-chinned Hummingbirds (Archilo-
chus alexandri) which were reported to have PCR prevalence 
of 10.58% and microscopy prevalence of 37.84% (Bradshaw 
et al. 2017). In reports for South American hummingbirds, 
haemosporidian prevalence is much higher, with some stud-
ies reporting a prevalence as high as 96% (Moens et al. 2016; 
Harrigan et al. 2014; Abad et al. 2021). The lower prevalence 
of haemosporidians in North American hummingbirds may be 
attributed to differences in biogeographic factors (temperate vs 
tropical environments), vector biology, avian species composi-
tion, or sampling effort (as previously, less research has been 
conducted in North America for hummingbird haemosporid-
ians) (Godoy et al. 2014).

Molecular analysis revealed three distinct Haemopro-
teus lineages from the five positive samples. In one bird, 
we identified a lineage of the morphospecies Haemoproteus 
archilochus, that matched (100% identity) a sequence from 
an Anna’s Hummingbird (MalAvi HUMHA4, GenBank 
#KY560447) in California, USA (Bradshaw et al. 2017). 
The H. archilochus species has so far only been detected 
in hummingbirds (Godoy et al 2014; Bradshaw et al. 2017) 
and is one of three Haemoproteus species known to infect 
hummingbirds, besides H. trochili and H. witti (Moens 
et al. 2016; Bradshaw et al. 2017). In 3 birds we detected a 
Haemoproteus sp. that matched a sequence from an Ame-
thyst-throated Hummingbird (Lampornis amethystinus; 
MalAvi LAMAME01, GenBank #MZ683462) from Cen-
tral Veracruz, Mexico (Álvarez-Mendizábal et al. 2021). 
The other unique sequence we detected was found in a sin-
gle bird and differed by only 2 base pairs from our other 
Haemoproteus sp. sequence (MalAvi SELPLA01, GenBank 
#OL542488). These two Haemoproteus lineages found in 
our study have not previously been detected in North Amer-
ica. When we constructed a phylogenetic tree (see SI 1.; 
Bradshaw et al. 2017), both Haemoproteus sp. sequences 
grouped into single clade with a H. syrnii sequence from 
Bulgaria (MalAvi OTUSCO05, GenBank #KJ451480). 
Hummingbirds may come into contact with a diverse 
assemblage of vectors and avian hosts in Mexico prior to 
their migration to North America; however, Broad-tailed 
Hummingbirds could also be exposed to haemosporidian 
infection during summer breeding in the Rocky Mountains 
(McKinney et al. 2012). Further research on hemoparasite 
diversity in North America will help determine where birds 
contract haemosporidians and which vectors are responsible.

Neither Plasmodium spp. or Leucocytozoon spp. have been 
detected in North American hummingbirds (Bradshaw et al. 
2017) however, Rodriguez et al. (2021) detected Plasmodium 
spp. in 11 non-hummingbird avian species in the Rocky Moun-
tains, including a few resident bird species and pre-migratory 

juveniles. Thus, the vectors necessary to transmit Plasmo-
dium spp. may be present in the Rocky Mountain region, 
along migratory routes, or in wintering habitats of those birds. 
Rodriguez et al. (2021) also found that the prevalence of hae-
mosporidian genera (Plasmodium and Haemoproteus) was as 
high as 59% in non-hummingbird avian species in the Rocky 
Mountains. Biting midge arthropods of the genus Culicoides 
are reported to transmit Haemoproteus sp. to other avian spe-
cies and are the most likely vector responsible for the spread 
of Haemoproteus spp. among hummingbirds (Žiegyte et al. 
2017). Hummingbirds are thought to employ vector avoidance 
techniques by moving quickly and erratically at sunrise and 
sunset when vectors are most active (Godoy et al. 2014).

Our research provides novel insights into the prevalence 
and diversity of haemosporidians of hummingbirds in the 
Rocky Mountains of Wyoming and Colorado. We found 
higher diversity of haemosporidians in North American 
hummingbirds than previously reported. Additionally, our 
study provides baseline information on the health of this 
high-elevation migratory hummingbird. Future research 
efforts are needed to understand the differences in preva-
lence and diversity between hummingbird species and other 
avian species, the diversity of North American humming-
bird haemosporidians, and which arthropod vectors are 
involved.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00436- 021- 07407-1.
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